The influence of journal parameters, such as speed of the shaft, clearance and numbers of the pads, on the behavior of rotational stability is investigated in order to improve the design techniques and expand the range of usage of the tilting pad journal bearing. The investigation is performed by programs, which are based on the finite differential method to numerically simulate the Reynolds lubrication equation and the rotor dynamic equation. The results of the simulation show that the above three parameters have strong effect on the behavior of tilting pad journal bearings. So it is concluded that the journal parameters can be optimally selected for the stable operation of the tilting pad journal bearings.
INTRODUCTION
Rotating machines, which are widely utilized in many industries, such as, power plant, aeroengine, air separation, air compression and so on, are advancing to the directions of high velocity, heavy loading, high precision, little maintenance and high stability. So there are the requirements of stable bearing components for improvement of operation conditions of the high velocity rotor system. The tilting pad journal bearings have unique characteristics of self-adjustment, which fulfill many of the needs of high velocity rotor, with the pad can automatically find its balancing location according to the velocity of the rotor and the pressure between the surfaces of shaft and pad. Based on the above mentioned behavior, tilting pad journal bearing is used in various rotary machine [1] [2] . There have been many researches about the utilizations of the tilting pad journal bearings in many different aspects [3] [4] [5] [6] . But the theoretical studies on the operation stability of the rotor bearing by tilting pad journal bearings are inadequate.
The changes of the journal parameters are crucial to the stable operation of the rotor system [7] . Under the condition of assumption of rigid rotor, the trajectory of the shaft center manifests the behavior of operating stability of the shaft [8] [9] . The influence of the speed of the shaft, clearance and numbers of the pads on the trajectory of the shaft center and force of the lubrication oil film is carried out in order to judge the behavior of the tilting pad journal bearings.
MODEL OF THE NUMERICAL SIMULATION
Equation of rigid rotor's motion Figure 1 is the schematic of 5 pad tilting pad journal bearings. O b is the center of the bearings and also the origin of coordinate system XO b Y. O j is the center of the shaft, and its coordinates in XO b Y are (X,Y). The forces acting on the shaft are only the reacting force of the pad and centrifugal force from unbalanced mass at normal operation. Taking the shaft as the object and applying the Newton's law, we have,
Where, M , C and K are the mass, damping and stiffness, respectively; F ix and F iy are the x-and y-direction component forces acting on the shaft from oil film pressure; and the F is centrifugal force from unbalanced mass.
Solution of the oil film forces The pressure of oil film between the shaft and a pad is described by the Reynolds equation, as neglecting the deformations of the shaft and pad.
Where, R is the radius of the shaft, h is the thickness of oil film, µ is the viscosity of the lubricant oil, p is the pressure of the oil film, θ the azimuch angle of a pad, which is measured from the vertical direction and clockwise. z is the axis coordinate, Ω is the revolution speed of the shaft, υ x ,υ y are disturbing velocity on the shaft.
Experimental evidence [10] has shown that, for a journal bearing whose widthdiameter ratio (L/D) is equal to or less than one, the axial pressure distribution is approximately parabolic and can be described by
Since the radius of curvature is much greater than the clearance c, the film thickness h may be approximated by h c Xcos Ysin Taking the partial derivations of (3) with respect to θ and z, and substituting equation (3)and (4) into equation (2), reduces the equation to a one-dimensional Reynolds equation.
The equation (5) is solved by using the finite differential method with Reynolds boundary conditions and the pressure distribution is obtained. Integrating the pressure along the axial and tangential direction, we have the oil film forces. The oil film force between the shaft and the i-th pad may be calculated as follow ( )
NUMERICAL EXAMPLE AND RESULTS
The parameters of journal and bearings is list as Table 1 . . The influence of journal speed on the trajectory of the shaft center and oil film pressure has investigated as the clearance is 0.06mm. Figure 2 (a) shows the trajectory of the shaft center when the journal speed is 13000rpm. It is observed that after adjustment of only a circle the center of the shaft becomes stable and can be keep a very small deviation from its absolute center. And the maximum displacement at x-direction is only 26.06µm and y-direction 26.76µm. The pressure at different tangential location of a pad goes through a periodic change. The change of pressure distribution with time are shown in Figure 2 (b)~(f). And we can see that the instantaneous pressure can be reached to 17MPa, only it comes out in different time an each pad. Figure 3(a) shows the trajectory of the shaft center when the journal speed is 18594rpm. It is observed that the center of the shaft can still become stable and can be keep a very small deviation from its absolute center after adjustment of a few circles. And the maximum displacement at x-direction is only 32.29µm and y-direction 32.85µm. The change of pressure distribution on pad 4 with time are shown in Figure  2 (b). And we can see that the instantaneous pressure can be reached to 190MPa.
But when the journal speed increases a little more, the center of the shaft cannot keep stable. The trajectory of the shaft center is no longer periodic but a straight line, and the center is off from its origin and cannot come back, as shown in Figure 4 . This phenomenon is just a theoretic demonstration and does not come out in engineering. And the critical speed of the journal can be obtained by means of this method.
The influence of the clearance The clearance is a very important parameter which directly determines the pressure distribution and indirectly limits the critical speed of the shaft. Figure 5 shows the relationship between the critical speed and the clearance which changes from 0.04mm to 0.1mm. It is observed that the critical speed of the shaft sharply decreases with the increases of the clearance, i.e. the critical speed is 62798rpm as the clearance is 0.04, but the critical speed becomes 7824rpm while the clearance is 0.08mm. , and the interval angle between pads is 9 o manifest that it is very vital to the critical speed and maximum displacement of the shaft center to select proper numbers of pads.
The effect of numbers of pads on the critical speed is depicted in Figure 6 . It is observed that the critical speed of the shaft sharply decreases with the increases of the clearance and the decreasing speeds are different with different number of pads. It is concluded that using more pads is advantageous to promote the critical speed. Figure 7 shows the effect of numbers of pads on maximum displacement of the shaft center. From this figure it is observed that the maximum displacement of the shaft center increases with the increase of numbers of pad. 
SUMMARY
The effects of shaft speed, clearance and numbers of pads on the trajectory of shaft center, critical speed and maximum displacement of the shaft center are investigated.
The maximum displacement of the shaft center and the film pressure increase and steadily become instable with the increase of shaft speed.
There is unique critical speed corresponding to different clearance. The critical speed of the shaft sharply decreases with the increases of the clearance, and the critical speed is 62798rpm as the clearance is 0.04, but the critical speed becomes 7824rpm while the clearance is 0.08mm.
With the increase of the numbers of pads the critical speed increases but the maximum displacement also increases. So, in engineering design the balance should be find in order to meet the requirements of high speed and high stability of tilting pad journal bearings.
